Among the various attempts to understand collisionless absorption of intense and superintense ultrashort laser pulses a whole variety of models and hypotheses has been invented to describe the laser beam target interaction. In terms of basic physics collisionless absorption is understood now as the interplay of the oscillating laser field with the space charge field produced by it in the plasma. A first approach to this idea is realized in Brunel's model the essence of which consists in the formation of an oscillating charge cloud in the vacuum in front of the target, therefore frequently addressed by the vague term "vacuum heating". The investigation of statistical ensembles of orbits shows that the absorption process is localized at the ion-vacuum interface and in the skin layer: Single electrons enter into resonance with the laser field thereby undergoing a phase shift which causes orbit crossing and braking of Brunel's laminar flow. This anharmonic resonance acts like an attractor for the electrons and leads to the formation of a Maxwellian tail in the electron energy spectrum. Most remarkable results of our investigations are the Brunel like spectral hot electron distribution at the relativistic threshold, the minimum of absorption at Iλ 2 ∼ = (0.3 − 1.2) × 10 21 Wcm −2 µm 2 in the plasma target with the electron density of n e λ 2 ∼ 10 23 cm −3 µm 2 , the drastic reduction of the number of hot electrons in this domain and their reappearance in the highly relativistic domain, and strong coupling, beyond expectation, of the fast electron jets with the return current through Cherenkov emission of plasmons.
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The hot electron energy scaling shows a strong dependence on intensity in the moderately relativistic domain Intense and superintense laser beam interaction with dense matter is characterized by one prominent phenomenon, that is the generation of superthermal high energy electrons and ions. It leads to the spontaneous question as to the effects that generate them in the absorption process of intense monochromatic light beams. Latest when the kinetic temperature reaches 10 3 Z 2 eV in the plasma, Z ion charge, collisional absorption is ineffective and other effects of non-collisional nature have to become active in order to ensure absorption. The best known non-collisional candidate so far was resonance absorption at oblique laser incidence 1, 2 . It consists in the direct conversion of laser light into an electron plasma wave resonantly excited at the critical electron density where the laser frequency ω equals the plasma frequency ω p . High intensity laser pulses in the intensity domain I = 10
16 − 10 22 Wcm −2 with good contrast ratio are so fast rising that there is no time to form a prea) Electronic mail: tatyana.tiseykina@uni-rostock.de plasma in front of an irradiated solid sample that could couple to a resonantly excited plasma wave. Therefore the search begun for new collisionless absorption processes. The first successful proposal was the so-called j × B heating 3 . The authors could show by particlein-cell (PIC) simulations that at normal incidence the Lorentz force induces non-resonant electron oscillations at 2ω normal to the target surface which lead to appreciable absorption, target heating and production of superthermal electrons at any density above critical. However, no attempt was made to explain how the observed absorption, i.e., irreversibility, comes into play. Not long after a remarkable step forward was made by Brunel 4 in understanding high-power collisionless absorption. He could show after introducing a few modifications that the resonance absorption concept could be adapted to steep highly overdense plasma profiles and significant absorption could be achieved under oblique incidence despite total absence of plasma resonance at ω = ω p ("not-soresonant, resonant absorption" 4 ) and no possibility for a plasma wave to propagate into a shallow preplasma in front of the target. Instead, now the energy imparted to the electrons is transported into the target and deposited there. Under the assumptions of cold (i) infinitely dense E/E os b)
Energy E in units of mean oscillation energy in vacuum; energy cut off is at E = 9.1Eos. plasma (ii) with discontinuous interface to vacuum (iii) Brunel could formulate the laser-matter interaction dynamics in the vacuum in front of the target in terms of three ordinary differential equations. Perhaps for this reason Brunel's mechanism of the electrons pulled out into the vacuum and then pushed back into the fieldfree target interior is frequently identified with the term "vacuum heating", an expression coined later for the particles forming a kind of thermal cloud at the vacuum-ion interface in PIC simulations 5 . To be more specific, the reason why the term vacuum heating played an ominous role in the past and partially still does presently is because, often invoked as the leading collisionless absorption mechanism, it has never been defined properly. To introduce some rating in this respect it seems that two groups of authors can be distinguished. By the concept of vacuum heating the first group addresses the electrons in front of the sharpedged target that circulate in the vacuum and do not cross the interface during one laser cycle 5, 6 . Identification of vacuum heating with Brunel's mechanism is made by the second group 7, 8 to contrast with anomalous skin layer absorption [9] [10] [11] . By the latter all motion is strictly confined to the target inside. Sometimes vacuum heating is interpreted as a consequence of unspecified wave breaking 12, 13 . Meanwhile it has been clarified that Brunel/vacuum heating prevails distinctly on skin layer absorption and that vacuum heating in the restricted sense, i.e., the contribution to absorption of the electrons not entering the target with the periodicity of the laser, is almost insignificant 14 . Only recently a detailed analysis and discussion of Brunels's model has been given 15 . With a view on the means of the present paper a compact summary of the results may be of interest. The laser field component perpendicular to the target is assumed to have the structure E(t) = E 0 sin ωt. It generates electron jets of periodicity τ = 2π/ω. All of them are ejected during the first quarter period and all, except 2.2%, return to the target during the second half period (π, 2π). During the remaining 3/4 period no further electron ejection is possible as a consequence of partial screening by the outer layers and driver field inversion. Contrary to a common believe that all electrons in one jet are pushed back by the inverted field, only half of them, lifted in the interval (0, π/4), are in phase with the driver, the other half experience a weakened driver due to screening and fall back to the target, attracted by the immobile ions, before the laser field has changed direction. This leads quite naturally to a classification into energetic and less energetic electrons. If not specified differently, throughout the paper we define, somehow arbitrarily, those electrons as hot whose return energy exceeds the quiver energy E os of the free electron. Accordingly, 34 % of the Brunel electrons are hot and carry 82 % of the energy in the single jet. In contrast to PIC simulations the Brunel spectrum is non-Maxwellian with a pronounced maximum at E = 9.1E os followed by a sharp cut off (see Fig.1 ). Absorption A = I abs /I is considerably lower than measured at intermediate angles of incidence 16 but reaches unity at 86
• of incidence. A and the absorbed energy scale like I 1/2 and I 3/2 , respectively. Evidently this is the price Brunel pays for oversimplification. We want to stress that in Brunel's model crossing of layers among each other during the laser action is excluded, except a few front layers whose contribution to absorption is negligible. In other words, the electron flow dynamics is laminar, no wave breaking or, more appropriate in the context, no breaking of flow occurs. Brunel's model offered, within limits, the first physical explanation of j × B heating at 2ω. And yet, Brunel's model does not give a direct physical feeling for the absorption process. The numerous wrong, at least inexact interpretations of it that are still around are a direct indicator (example: "all electrons are pushed back by the laser field" contrasts with the true "free fall" of half of them).
From an early one-dimensional (1D) PIC simulation the energy scaling E hot ∼ I 1/2 has been extracted for the hot electrons 17 ; it has been re-'confirmed' by independent simulations 18 and apparently by experiments 19, 20 . However, the scaling seems to be questionable for its too strong dependence on intensity; it contrasts with other experiments 21 and more sophisticated analysis 22 . In turn, corrections to the latter have been given recently on the basis of a relativistic kinematic model 23 . Analogous scaling laws have been proposed by numerous other authors 16, [24] [25] [26] . Nevertheless there is no convergence towards a definite scaling 27 . In order to achieve further progress the investigation has to start from a discussion of collisionless absorption, a flow analysis of the absorbed energy into the various plasma components, a definition of the hot electron component, and completed by analytical modeling in combination with concomitant simulations. In what follows we present our considerations on the degree of understanding collisionless laser beam absorption, the process of fast electron generation and their interaction with the low electron energy component in order to arrive at more firmly validated scaling relations in forthcoming work. The analysis will enable us also to get insight into shortcomings of the existing models for intense laser-dense matter interaction.
II. COLLISIONLESS ABSORPTION BASICALLY UNDERSTOOD
Let us consider the phenomenon of collisionless absorption of high-power laser beams from a more fundamental point of view. Under quasi-steady state conditions Poynting's theorem averaged over one laser cycle reduces to ∇S = −jE.
(
The energy flux density is the Poynting vector S = ε 0 c 2 E×B; it relates to the laser intensity by I =S. With n e the electron density and v the mean electron flow velocity the current density is j = −en e v. Equation (1) describes all kinds of absorption, collisional, noncollisional, classical or quantized; in the latter case the current density and the electric field E are to be substituted by their operators acting on the corresponding state vector |ψ . In the intense laser field, despite the high particle densities involved, the classical picture is an excellent approximation. If the laser field evolves in time as E ∼ sin ωt the current density follows as j ∼ cos(ωt + φ) and
Dephasing between driver field and current determines the degree of absorption. Thus, collisionless absorption reduces to the problem of finding out which effects lead to a finite phase shift in j. In collisional absorption it is the friction originating from the collisions between electrons and ions,
ν collision frequency. At ν = 0 the collisional phase shift vanishes and any finite φ can only be of dynamic origin. Up to I = 5 × 10 20 − 10 21 Wcm −2 this dynamic origin is found in the space charge induced by ∇v = 0. The space charge generates an electrostatic field that, superposed to the laser field, determines the electron motion and leads to the desired finite phase shift φ. This can be seen most immediately with a constant electric field E 0 . It yields per electron
It is interesting to note and it can be formally shown, however it is also physically evident that j(E Laser + E s ) = jE Laser ; all work is done by the driver field, the space charge field E s is inert, it provides for the phase shift only. Some authors may attribute absorption to the Brunel like abrupt reduction of the laser wave amplitude in the skin layer. Due to this asymmetry the energy gained by an electron in the vacuum cannot be given back anymore to the wave when entering the evanescent region. However, for this picture to work an electrostatic field component is needed, too; transverse and longitudinal components cannot be isolated from each other. In the standard resonance absorption at the critical density it is the space charge field of the electron plasma wave that provides for collisionless absorption up to 49% through a phase shift φ = 0 2 . On the fundamental level of eqs. (2) and (4) collisionless absorption of superintense ultrashort laser pulses may be classified as fully understood now for I < 10 21 Wcm −2 for optical wavelengths. All kinds of difficulties and complications arise when the degree of absorption has to be quantified. This step can only be done by introducing appropriate models. Numerous attempts into this direction have been undertaken with the intention to explain (i) the origin of the hot and the warm electron components, (ii) when and how they are created, during one laser period by direct resonant and nonresonant acceleration, or by stochastic processes over several laser cycles, and (iii) where is absorption localized, in vacuum or in the skin layer. Correspondingly, the existing absorption models may be characterized as statistic or as dynamic. Examples of the first class are vacuum heating in the restricted sense 28, 29 , wave breaking 12,13 , skin layer absorption, e.g. 9 , linear and nonlinear Landau damping 30, 31 . Candidates of the second class are, first of all, sharp edge absorption 4 , longitudinal 32 and transverse 33 ponderomotive heating, "zero vector potential mechanism"
18 , relativistic kinematic model 23 , anharmonic resonance 34 . Let our PIC simulations decide on questions (i) -(iii) and to what degree statistics is involved in the dynamics induced by the laser in dense targets. Now, after three decades of intense studies on superintense laser-matter interaction one would expect that such basic questions (i) -(iii) as labeled above should have found a final answer. The numerous models presented on performed experiments tell the opposite and show that no convergence has been reached yet. It is instructive to have a look at over 100 experimental and theoretical results on the absorption degree collected up to 2009 in 35 , (Fig. 1 in  35 ), in the irradiance regime from Iλ 2 = 10 18 Wcm −2 µm 2 , to 10 21 Wcm −2 µm 2 . The absorption degrees range from 5% to 95% and yet at the constant irradiance of 6 × 10 18 Wcm −2 µm 2 absorption between 35% and 85% is reported. It drastically reflects the difficulties encountered in performing unambiguous experiments with all essential parameters well defined. It is this situation that justifies still basic 1D simulations in order to learn more about which are the essential parameters defining the underlying physical processes. For example, a good portion of difficulties and uncertainties arising in the context of hot electron scaling have their origin in different understanding of when an electron is "hot".
III. LOCALIZATION OF ABSORPTION AND ORIGIN OF FAST ELECTRONS
We consider always linear polarized (in y− direction) laser pulses impinging under 45
• angle of incidence onto strongly overdense fully ionized cold hydrogen targets with initial electron density n e0 such that n e0 λ 2 ≃ 10
The interaction of the laser beam with the target is studied by 1D relativistic PIC simulations using the boost technique 36 . If not specified differently, throughout the text we call all electrons with energies E exceeding their mean oscillation energy E os "hot" or "fast",
A maximum vector potential amplitude.
A. Brunel model and vacuum heating
The energy spectra f (E) of the hot electrons assume the typical shape of Fig.2 , here for an I ∼ sin 4 laser pulse of full width 50 cycles and a = 0.3, 1, 3, 10 after 30, 35, 40, and 50 laser cycles. The straight lines of ln f (E) starting from the energy E between 2E os /3 for a = 10 and from E = E os for a ≤ 3 are a clear signature of a Maxwellian type distribution function, f (E) ∼ exp(−E/k B T e ), k B Boltzmann constant (for example, the genuine nonrelativistic Maxwellian contains the degeneracy factor √ E to be subtracted from ln f (E) to yield a straight line, see related argument in Sec. V). From the slope an electron "temperature" T e is determined, with the significance of k B T e the mean energy if the straight lines are extrapolated down to E = 0. In the Figure T e is indicated in units of MeV. For a = 10 one notices already cooling by energy transfer to the cold electrons and beginning plasma expansion during laser irradiation. Similar hot electron spectra have been reported by other authors, for example by 37 . The interaction of intense laser beams with dense targets is very complex and rich of peculiar facets. On the other hand, consequences of basic effects, like collisionless interaction under non-harmonic resonance, are not clarified as they should. Here we report on phenomena which we believe will survive in 2D and 3D also. Let us tentatively identify vacuum heating with the energy gained by all Brunel-like electrons ("Brunel electrons"). It is the sum of energies gained during the excursion into • onto a hydrogen target with electron density ne0 such that ne0λ 2 = 9 × 10 22 cm −3 µm 2 . The pulses are identical in all four frames. Target thickness varies from 40 to 60 λ. Vertical dashed lines mark the mean oscillation energies. The hot electrons follow a Maxwellian distribution. The maximum mean energies kBTe for a ≥ 1 are by the factors 1.04, 1.09, 1.7 higher than the associated Eos. kBTe increases during the evolution of laser pulse for a = 3, for a = 10 it decreases. Power scaling kBTe ∼ I α , α ≥ 0 not detected.
vacuum. This energy fraction is identified as "vacuum heating" and compared with the energy absorbed by all electrons. The target thickness is chosen such that no particles are reflected from the target backside and falsify the statistics. The laser beam intensity rises during one laser cycle to its full intensity, is subsequently held constant for 30 cycles and then sinks to zero during another full cycle. In Fig.3 the energies of all Brunel particles and of all particles that have crossed the skin layer at a depth of half a vacuum wavelength are plotted at their crossing time for a = 1 and a = 60. The salient feature is their jet like structure predicted by the Brunel model. At the low intensity (a = 1) there is a clear distinction between the Brunel electrons and all electrons having undergone heating. The increase of the energy maxima from 6.5E os to 8E os and the more diffuse energy profiles of the jets at half wavelength in depth is a clear indication that some heating is localized in the skin layer, in contrast to the Brunel mechanism. At high intensity (a = 60) the jets assume a pronounced double structure due to the increased v × B heating operating at 2ω, but the patterns of the two groups appear equally diffuse. The increase in energy of the fastest electrons is almost no longer visible (increase by 0.5E os ). For a > 1 the fraction of Brunel electrons results always higher than the fraction of electrons moving inward and crossing the boundary at λ/2 in the skin layer. The reason for the difference is to seek in the accumulation of Brunel electrons in the skin layer with increasing laser cycle number, randomized there and repeatedly crossing the target-vacuum Figure) , this time at E = E os , but the sharp cut off changes into a transition extending over 0.4 E os . The formation of a Maxwellian tail in the fast electron spectrum occurs in the skin layer and even deeper inside the target. From a ≃ 20 on no difference in the spectra from Brunel and total electrons can be observed, they are all " thermalized". At a = 30 the spectra extend up to 1.4 E os , at a = 60 the maximum energy is shifted to E = 3.7 E os . This is in agreement with the dependence of the fast electron number on laser intensity, see following Section IV.A. From Fig.3 we conclude that at moderate intensities (a ≤ 15) the skin layer contributes sensitively to the production of the most energetic electrons, either by laser-space charge resonance and/or by stochastic Brunel electron-plasmon interactions.
B. Localization and mechanism of heating
Plasma density and velocity distributions as functions of time are the natural outcome in standard PIC simulations. Additional insight in the heating mechanism is obtained from the orbits x(t) of randomly chosen electrons. We have analyzed numerous such computer runs each with 200 trajectories stochastically selected from (i) all particles heated by the laser and (ii) from the set of the hot electrons only. In the vacuum-target interface and takes place during one laser cycle or a fraction of it. This excludes stochastic heating of the hot electrons. Only a low fraction of them gets the high energy in the skin layer without ever emerging into vacuum.
(2) Contrary to the standard assumption the "slow" return current is highly irregular as a consequence of the interaction of the jets from Fig.3 with the background. It is clearly recognized in Fig.5 that irregular flow sets in just with the arrival of the first jets and it becomes the more irregular the more jets it is exposed to. The jets are accompanied by strong localized electrostatic fields that force electrons from the return current to reverse their direction towards the back of the target or, if they succeed to cross the charge cloud of an incoming jet they are heavily accelerated towards the target front to interact further with the laser field. In short words, the laminar flow of the return current is heavily perturbed by the Cherenkov emission of the plasmons excited by the jets. The stochastic interaction, both, return electron acceleration and deceleration, has been observed in test particle models in the past 14 . (3) The plasma flow in the skin layer breaks (like "wave breaking"), i.e., the orbits cross each other, in contrast to Brunel's laminar model of infinite target density. (4) Excursion into vacuum ("vacuum heating") of the energetic electrons decreases continuously with a increasing to reach a minimum at around a = 30 and then to increase again. Owing to the significance of effects (1) sumed infinite. Consequently all electrons start from the same position and no crossing of orbits occurs, the particle flow into vacuum and back to the target is laminar. Despite Brunel's oversimplification his model explains basic properties of the collisionless interaction: formation of steady state jets (Fig.3) , two groups of electron energies (energetic electrons co-moving with the laser field, slow free fall electrons), majority of fast electrons stemming from the excursion into vacuum, dominant fraction of laser energy delivered to hot electrons. If therefore "vacuum heating" is identified with Brunel's mechanism it acquires a precise meaning. However there is the missing link to the physics of acceleration in this simple model. Not to forget that in Brunel's model all heated electrons are lifted into vacuum only during the first quarter laser period. The reality with skin layer included is different: The phase for lifting is stochastic, as expected from broken flow; period doubling, tripling, quadrupling, etc., of electron oscillations occurs in the skin layer (see Fig.5 ); acceleration to high energies is a resonance effect. To see this we must concentrate once more in detail on single orbits selected statistically. In Fig.6 the time history of four particles starting from different depth in the target together with the electric field (white traces) they "see" during their motion is depicted for a = 1, i.e., the orbits x(t) and the momenta p x /m e c normal to the target. Resonant interaction in the first 2 pictures is clearly recognized by the abrupt changes in x(t) and p x (t). Out of resonance the phase difference between field and momentum is π/2, see p x (t) and laser field (white line) in the first two pictures. The transition to resonance, i.e. field and momentum antiparallel, occurs during half a cycle or less in the kink of x(t), seen best by zooming Fig.6 . The essential point of this resonance is its anharmonic character. In contrast to the harmonic oscillator in the oscillator with anharmonic potential resonance is an attractor: Given an excitation by the periodic laser above a certain threshold transition to resonance is unavoidable. The reason for this behavior is as follows. The harmonic potential is the only one in which the degree of excitation does not change its periodicity and therefore it either is driven in or out of resonance. The average stochastically perturbed space charge potential of the plasma is flatter than harmonic and so, depending on the excitation level its eigenfrequency changes continuously from the high level ω p at low excitation down below the laser frequency ω. At the crossing point resonance occurs. It has two consequences: (i) Driver, when in phase with the electron displacement transforms it into a runaway particle in general 34 ; (ii) the resonant phase switch forces the electron to move against the bulk, the plasma flow breaks. Breaking of flow or wave breaking, respectively, often invoked as acceleration or absorption mechanism 12,13 is never their origin, it is their consequence.
We conclude that at I < (5 × 10 20 − 10 21 ) Wcm −2 the majority of energetic electrons is produced by resonant interaction of the laser field with the longitudinal space charge field over a fraction of one laser cycle in the vacuum as well as in the skin layer. However, there is also indirect acceleration of stochastic nature of the target background, evidenced by the last two pictures in Fig.6 with electrons heated stochastically by the plasmons emanating from the jets. The rapidly oscillating stochastic field of the plasmons increases with the number of jets produced; its influence on stochastic acceleration of electrons is evident in the last two pictures of Fig.6 .
IV. FAST ELECTRONS AND ENERGY PARTITION
As seen in the previous section III there are several thermalizing mechanism: breaking of flow, skin layer noise, Cherenkov plasmons from jets. As a consequence one would expect that such effects dominate the low energy component of the electrons and that this should propagate mainly normally to the target. The more energetic an electron is the more it feels the Lorentz force in v × B direction forcing its motion into laser beam direction, 45
• in this paper. For the single free electron starting from rest in a traveling plane wave the maximum energy gain ∆E and the lateral angular spread tan α of the velocity component v k in propagation direction to the velocity component in the E field direction v E are
thus confirming this tendency. In Fig.7 the momenta p y parallel to the target vs p x along the target normal of the heated electrons are depicted for a = 1, 7, 15, 60, 100. The corresponding distributions of the momenta p x normal to the target over the space coordinate are shown in Fig.8 . From the pictures it is not directly seen that the majority of slow electrons move in the direction of the target normal; however, as expected from (5), with increasing energy the electrons follow indeed the direction of the laser beam. In addition, at a = 60 and 100 an appreciable percentage is accelerated into specular direction. The reduction of the absolute number of hot electrons with increasing intensity, their almost vanishing at a = 15 and their impressive reappearance towards a = 100 is particularly striking. This effect will have direct impact on every attempt to formulate scaling laws for the "hot electron" production. We have counted their number as a function of intensity; the result is reported in Table I . Drop and increase with intensity is beyond expectation. The formation of spatial spikes within groups of energies and laser intensities is depicted in Fig.8 . It has to be seen as complementary to the spike distribution in time in Fig.3 . At low laser intensity only the fastest electrons form jets in space as long as they are "young". As they travel further into the target they become in- 10 ln Λ s −1 , hence, collisional damping of spikes is unimportant. Anomalous interaction of the laser heated electrons with the background has been studied recently 39 . All electrons after having entered the distinctly relativistic regime show a neat spiky structure because they all fly at light speed and behave much stiffer now against their concomitant space charge field. The inclination of groups of spikes with respect to the normal to the abscissa at subrelativistic speeds is self-explaining. We note also that the excursion of the slow electrons into vacuum (p x negative) reduces with increasing a. 
A. Partition of the absorbed energy
Sometimes it is claimed (at least in the past) that all electrons are "hot" in intense laser-solid target interaction. This rises the question on the percentage of the hot electrons with respect to number, to average energy, or to average flux density. Here, we must stress that a percentage in particle number cannot be given, neither in the experiment nor in the simulation for the simple reason that the fraction depends very sensitively on the total number of particles involved: Where to put the lower threshold? Should the shock heated portion of the target be counted also, or is it reasonable to restrict counting on those electrons that have "seen" the laser at least once? However, the situation is totally different with respect to energy fractions because no ambiguity arises on that. In Table II we present such an absorbed energy partition as a function of laser intensity (parameter a ∼ I 1/2 ) for two overdense targets, n e0 = 100n c and n e0 = 200n c (for a = 15 also n e0 = 400n c ): overall fraction of absorption I abs ; percentage of energy which is found in the electrons; total fraction of energy absorbed by the hot electrons, E ≥ E os and by hot + medium hot electrons of E > E os /2 ("warm e − "); energy fraction transmitted to the ions; energy fraction found in the electrostatic space charge field ("fields"). A first view on the Table tells that the main absorption is accomplished by the ener-TABLE II. Partition of the incident laser energy: fraction of absorbed intensity I abs transmitted to the electrons, the hot and warm electrons, the ions and the plasmons ("fields") at the end of the standard laser pulse. Table) remains modest for a ≤ 15, however, Cherenkov plasmons ("fields") assume a non negligible portion of laser energy, more than we predicted.
The increase in ion energy beyond a = 15 is due to the deeper penetration of the laser as a consequence of the recession of the electrons by the radiation pressure and hence increased energy coupling to the ions.
The overall absorption drops continuously with increasing laser intensity. In contrast to the runaway energy E in (5) the free quiver energy at fixed oscillation center is E os = mc 2 [ 1 + a 2 /2 − 1] ∼ I 1/2 . However this reduction is counterbalanced by the relativistic increase of the critical density, n cr ∼ γn c . As the speed of the moderately hot electrons approaches c the absorption into energetic electrons, which is the major portion, should not change; the drop must have a different, nonrelativistic origin. Although the scaling of E os and n cr may be oversimplified (see 40 for n cr scaling) it is correct in its tendency. Our current explanation attributes the very pronounced reduction of absorption to the limiting effect of the electrostatic field on the oscillation amplitude of the single electron: With increasing intensity I the electrons are pushed more and more inward by the radiation pressure. The electron oscillating in the neighborhood of the vacuum-ion interface oscillates in a narrow anharmonic potential the half width of which towards the target interior is a small fraction of the wavelength ("profile steepening"). A similar reduction of absorption has been reported for normal incidence, with an explanation that agrees qualitatively with ours 41 . Latest beyond I ≃ 10 21 Wcm −2 absorption by the fastest electrons in-creases again. They are runaway electrons. The electrostatic potential is strong but finite. The phase at which the electrons enter the laser beam is stochastic. Within them there will some of them happen to be in resonance with the field and subject to the Doppler shift
with γ Lorentz factor, k wave vector. If such an electron is moving inward from the vacuum it sees the incident wave at a Doppler downshifted low frequency and is accelerated over a longer distance whereas the reflected wave is seen at a highly upshifted frequency and represents merely a high frequency disturbance. For an electron moving outward towards the vacuum the accelerating field is that of the reflected wave. The proof of this acceleration mechanism is based on the study of single particle motions, and is directly confirmed by the appearance of energetic electrons flowing into vacuum in the reflected wave direction in the picture for a = 60 and a = 100 of Fig.7 . To give a numerical example of electron displacement lengthening ∆x/λ in a plane TN:SA laser wave (λ = 800 nm) during a forth cycle ∆ϕ = π/2: ∆x/λ = 3 at I = 10 22 Wcm −2 radiation reaction on the electron motion has to be taken into account [43] [44] [45] . A summary of absorption into all plasma channels (electrons, ions, plasmons) its fraction into electrons, the decrease of absorption towards a pronounced minimum close to zero at a ≃ 15 − 20 and its rise beyond is presented in Fig.9 .
V. ON SCALING LAWS OF THE "HOT ELECTRONS"
From intensity scaling the experimentalist and theoretician expect analytical formulas of the shape of the electron spectrum as a function of the laser intensity. As such a goal seems to be beyond reach at present the high power laser community has limited its focus on the energetic electrons. There, the generation of a Maxwellian tail is one of the characteristics of high power interaction. It is also the most interesting part of the spectrum because, as seen from Table II it contains the main part of the absorbed energy and, last but not least, it is relevant to applications for collective ion acceleration, radiation sources, medical applications, and others. It is aimed at how the number of energetic electrons, the degree of absorption and the mean energy scale with intensity. On the basis of present knowledge scaling of the first two quantities is not feasible. Regarding the mean energy, or the hot temperature k B T hot , respectively, despite the frequent attempts in experiment and theory no convergence has been achieved so far at all. In the light of our foregoing analysis there is not much surprise about. The frequently invoked ponderomotive scaling ("Wilks' scaling") 17 of T hot ∼ I 1/2 is based on the idea that each laser cycle energetic electrons with energy average in the The reduction is due to oscillation inhibition by the induced electrostatic field, its rise beyond is mainly a consequence of entrainment ("runaway electrons").
range of about E os = m e c 2 ( 1 + a 2 /2−1) are generated. Subsequently this scaling has been recognized as too strong and, in first place guided by experiments 21 , has been replaced by the milder power law
in the intensity range 10 18 − 10 21 Wcm −2 . It is intended as to be applied to the unidirectional Maxwellian electrons reaching the analyzer at time t = ∞. The search for the right mean energy scaling is equivalent to the search for the process of absorption. In the absence of the stochastic element inherent in collisions it is important to understand whether a Maxwellian tail is one of the signatures of the interaction and, if it is, why.
To arrive at a Maxwellian distribution in an ensemble it is sufficient to know that, given a certain amount of particles n hot containing the amount of energy E hot , all possible states in the relevant phase space are equally likely and that the Hamiltonian is given by the sum
which expresses the property that the single electrons are uncorrelated. If the relevant phase space is {(p, q)}, as for example in statistical thermodynamics, the resulting distribution is the Maxwellian momentum dis- Fig.2 . However, as outlined in the foregoing chapters, fast electron generation is by anharmonic resonance. This has the important properties: (i) resonance is an attractor for all electrons above a certain oscillation energy, in contrast to harmonic resonance; the always present crossing of trajectories is a clear indicator of it. (ii) All n hot electrons have the same chance to resonate anharmonically regardless of their phase with respect to the laser driver. This makes it very likely that the relevant phase space is the energy acquired at resonance rather than the momentum. Then from (i) and Wcm −2 , standard pulse. Stars: Ee ≥ Eos ("hot electrons"); diamonds: Ee ≥ 0.5Eos ("warm electrons"). In contrast to Fig.2 (ii) follows that collisionless absorption is accompanied by a Maxwellian tail of energetic electrons (consequence of anharmonic attractor) and the spectrum scales like
This is what we also deduce from Fig.2 . Let us first examine Fig.2 for pulses I ∼ sin 4 in the intensity range 10 18 − 10 20 Wcm −2 . The uncertainties on the mean energy (slope of log scale) in pictures a) (30 cycles) and c) (40 cycles) are considerable, nevertheless we can conclude with certainty that neither Wilks' original ponderomotive scaling 17 (I 0.5 ) nor its improved version are met to some extent. They are far too weak. However, the analysis shows that the assumption k B T hot = κ × E os with the constant κ not far from unity works. This means that at these relatively low intensities (from a ≃ 3 to a = 10) the scaling is
in agreement with 42 . From a = 12 on E os is well approximated by m e c 2 a ∼ I 1/2 . In Fig.10 we extended the search for scaling from a = 10 up to a = 60 the latter is already in the runaway regime of absorption. Satisfactory agreement with 42 is obtained for I from 10 20 to 10 21 Wcm −2 . Beyond the change in the absorption mechanism and the stiffer coupling to the ions is noticeable in the increase of slope relative to 42 .
VI. SUMMARY AND CONCLUSION
The focus of the present paper is on the physics of collisionless absorption of intense laser beams in dense targets in the intensity domain I = 10
18 − 10 22 Wcm −2 for optical wavelengths, on the variation of the spectral composition of the energetic electrons with intensity and on their scaling with the latter. Most remarkable results are the Brunel like spectral hot electron distribution at the relativistic threshold, the minimum of absorption at a ∼ = 15 − 30, the drastic reduction of the number of hot electrons in this domain and their reappearance beyond, the strong coupling with the return current beyond expectation, and a strong hot electron scaling in a ∼ = 1−10, a scaling in vague accordance with current published estimates in a ∼ = 10 − 50 and a strong increase beyond.
On a fundamental level understanding collisionless absorption is equivalent to the search for the nonorthogonality of induced current density to the laser field. The answer is found in the interplay of the laser field with the space charge field induced by it. The idealized model of Brunel works already on this basis. It is capable of explaining important effects at the relativistic intensity threshold and below, like the generation of two groups of electrons, a hot and a cold component. The nonMaxwellian spectrum predicted by the model is found in our simulations at the relativistic threshold and below; with increasing a it is washed out. By following test orbits we are able to localize absorption at the vacuumtarget interface and skin layer for all intensities below the radiation reaction limit at I ∼ = 10
22 Wcm −2 in linear polarization, in agreement with Brunel for non relativistic intensities. If therefore the ominous "vacuum heating" is invoked as responsible for absorption this is correct if it is identified with Brunel's mechanism. What it does not explain, and Brunel does not either, is the underlying physics, i.e. the phase shift and, in concomitance, orbits crossing.
An explanation in terms of physics has to show that (i) such a breaking of flow is not by accidence and (ii) a hot Maxwellian tail in the spectrum is a natural outcome from strong drivers. Anharmonic resonance is currently the best model explaining both aspects. It rules stochastic heating and "weave breaking" out automatically. Anharmonic resonance constitutes an attractor (fix point). This kind of resonance always happens in presence of a sufficiently strong driver at any laser frequency and any target density, in contrast to harmonic resonance which is bound to ω = ω p . When crossing resonance the momentum of an electron undergoes a phase shift by π or a fraction of it with respect to the bulk of the plasma. Wave breaking, here more appropriately called breaking of flow owing to profile steepening on lengths of a small fraction of a laser wavelength, is a consequence of absorption and energetic electron generation, not its origin.
From I ∼ = 5 × 10 21 Wcm −2 anharmonic resonance is strengthened by the generation of runaway electrons due to trapping in both, the incident and the reflected laser wave. The reduction up to nearly disappearance of hot electrons E ≥ E os is attributed to oscillation inhibition by the ponderomotive space charge field. In the whole intensity domain considered the major fraction of laser energy is deposited in the hot and moderately hot electrons. The next significant portion goes into Cherenkov plasmons excited by the periodic plasma jets. From the analysis of the test trajectories their coupling to the neutralizing return current is apparent. We consider it as an important aspect when modeling anomalous transport of heat and fast electrons in compressed matter.
Finally, we reexamined the hot electron scaling in 1D, perhaps the most controversially discussed subject in the pertinent literature. Acceptable coincidence with the leading approximations is only found in the intensity range 10 20 − 10 21Ṫ he deviations below a ∼ = 10 are to be attributed mainly to the imprecise proportionality between E os and I ∼ a 2 . In the runaway absorption regime the governing scaling law is still to be discovered. The main reason for the current misunderstandings and disagreements have to be attributed to the poor knowledge of the electron energy spectrum f (E). What is missing most at present in the experiment and in the theory is a clear definition of what means "hot" and "cold" electrons. In order not to fall into this deficiency we define electrons as "hot" and "moderately hot" if their energy is higher than E os and (0.5 − 2/3)E os . It is approximately the range of the Maxwellian tail. The commonly used terminology "Maxwellian" is misleading because it refers to the electron velocities v or momenta with a distribution law df (E) = v 2 exp(−E/k B T hot )dv ∼ √ E exp(−E/k B T hot )dE. This differs from our findings (and, implicitly, others) of a Boltzmann distribution df (E) = exp(−E/k B T hot )dE for the relevant restricted phase space of total energies E = E i .
